Vacuum response and gas leak detection in piezoelectrically driven sound-resonance cavity Shuxiang It has been found that a piezoelectrically driven sound-resonance cavity ͑PSRC͒ is quite sensitive to low-pressure changes: a change from ambient to vacuum ͑67 Pa͒ conditions results in a 89°phase shift and a Ϫ81% voltage decrease. Under vacuum conditions, the PSRC is highly sensitive ͑ϳ7 ppm͒ to leakage of H 2 gas. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1751217͔
In prior articles, 1,2 we reported the development of a piezoelectric sound-resonance cavity ͑PSRC͒, which exhibited an extremely high sensitivity to H 2 gas concentration changes over a broad concentration range. The sensitivity is due to a shift in the sound-resonance state of the cavity with H 2 concentration changes. Here, we will further show that the PSRC is also sensitive to vacuum pressure changes, due to gas density variations. The mechanism of vacuum detection by the PSRC is different from that of thermal conductivity, [3] [4] [5] [6] [7] thermal resonance, 8 rf pulse transmission, 9 optical Pirani gauges, 10 electrostatic capacitors, 11 and quartz resonators. 12 A PSRC consists of a small cylindrical-type cavity and two thin disk-type piezoelectric bimorphs. A piezoelectric disk is attached to each end of the cavity, where one of the disks has a center hole. One of the piezoelectric disks is used to produce a bending vibration under a small applied ac voltage (V ac ), forcing the gas in the cavity to oscillate and diffuse. At resonance, the gas will be in a standing wave sound resonance state. The second piezoelectric element at the opposite end of the cavity acts as a sensing element, capable of monitoring changes in both the acoustic intensity ͑I͒ and the phase ͑P͒ of a standing wave. As a result, the piezoelectric sensor will produce voltage (V s ) and phase ( P s ) signals which are proportional to I and P, respectively.
The resonance frequency of a cavity containing air of a nominal composition ͑assuming ideal gas behavior͒ is
where K is a geometric parameter related to the structure and size of the cavity, C air is the sound velocity of the gas, ␥ is the adiabatic constant ͑1.4 for air͒, P is the air pressure and is the gas density. When air pressure decreases, both and P will decrease simultaneously; as a result, C air is nearly unchanged with decreasing pressure. 13 However, the change in will also result in a change in the characteristic acoustic impedance of the gas ͑i.e., C air ); and since C air is constant, we have
If the piezoelectric driving element is then operated under a constant vibration velocity, the gas particles will diffuse in the cavity at a constant average speed e . As a result, any change in the acoustic impedance will cause a change in the acoustic intensity radiation (⌬I), given as
According to Eq. ͑3͒, if e is constant, a decrease in the gas density will result in a lower acoustic intensity radiation.
Because the voltage signal V s induced on the sensing element is proportional to ⌬I, a small change in air density will result in a proportional change in V s . Accordingly, there is a direct linear relationship between the acoustic properties of the cavity and the gas density there within, which can be measured by the voltage output from a piezoelectric sensing element. In addition, a gas density change in the cavity will cause a phase shift in the sound-resonance standing wave. A sound-resonance standing wave is a result of superposition of the incident wave ͑e.g., produced by the piezoelectric driver͒ and the reflected wave ͑e.g., from the piezoelectric sensing element͒, and thus any change in acoustic impedance of the cavity will result in a phase shift of the superposition wave.
14 Two PSRC gas sensors with operational frequencies of 4.3 and 4.8 kHz were constructed.
1 Prototype 1 consisted of two disk-type PZT thin layers with a diameter of 8 mm and a thickness of 100 m, and a plastic cavity of 7 mm in diameter and of 3 mm in height. Its resonance frequency was ϳ4.3 kHz. Prototype 2 also consisted of two PZT disks, but had a slightly smaller cavity. Its resonance frequency was thus a little higher ͑ϳ4.8 kHz͒. The PSRC sensors were operated in a 90°͑or Ϫ90°͒ phase state under constant frequency conditions, as these states exhibited the highest sensitivity to gas density variations. During operation, the resonance standing wave of the PSRC will cause its cavity volume to expand/contract cyclically ͑over 4000 times/s͒. During expansion the cavity will draw gas into itself, whereas during contraction it will force gas out. This will result in an acoustic impedance change, which can be detected as a voltage signal ⌬V s and as a phase shift ⌬ P s . The rapid nature of the gas exchange will result in a fast response time to density fluctuations within the cavity.
Measurements of the two PSRC sensors were performed in a vacuum test chamber. A small ac ͑4.3-4.8 kHz͒ voltage signal of 0.2 V ͑rms͒ was used to drive a piezoelectric elea͒ Author to whom correspondence should be addressed; electronic mail: sdong@vt.edu ment at one end of the cavity. A lock-in amplifier was used to monitor the signal from the piezoelectric sensing element at the other end. The temperature and relative humidity were held constant in the chamber. To characterize the vacuum response of the PSRC, the gas pressure in the chamber was varied over a wide range from ambient conditions (1.01 ϫ10 5 Pa) to a low pressure of 66.7 Pa. Figure 1 shows the phase ͑part a͒ and voltage ͑part b͒ responses of our PSRC prototype 1 as a function of time after several successive changes in air pressure from ambient to low pressure ͑133 Pa͒. On going from ambient to vacuum conditions, it can be seen that both responses are rapid, occurring in a stepwise manner; that the phase shift is ϳ80°͑ 89%͒; and that the voltage change is Ϫ3.0 mV ͑81%͒. Clearly, when the gas density decreases, the voltage signal from the piezoelectric sensing element is also decreased, as predicted by Eq. ͑3͒.
In the low air pressure range from 101 to 30 kPa, the PSRC exhibited a near-linear response to air pressure changes. Figure 2 shows the output voltage and phase angle of the PSRC prototype 2 as a function of air pressure in this range. However, when the air pressure was decreased to Ͻ0.1 kPa ͑i.e., close to vacuum͒, the change in both the phase and voltage signals tended to saturate, presumably due to lack of gas medium.
Under vacuum conditions, the PSRC exhibited a high sensitivity to insertion of minute quantities of H 2 , leaked into the cavity. H 2 gas has much different sound acoustical properties than air of normal ambient composition. 2 Consequently, leakage of H 2 into the cavity will result in a shift of the sound-resonance state of the PSRC prototype 2, and thus a voltage increment (⌬V s Ͼ0) and phase shift (⌬ P s Ͻ0) will be detected by the piezoelectric sensing element. Figure  3 shows the response of the PSRC prototype 1 to input H 2 gas concentration changes in aliquots of ϳ7 and 17 ppm every 20 s, beginning from a low pressure of 67 Pa. It can be seen in parts ͑a͒ and ͑b͒ of this figure that a leakage of 7 ppm results in a phase shift of about Ϫ0.1°and a voltage change of ϳ5 V, respectively. The phase shift was found to be more sensitive at low vacuum conditions than at higher pressures. It is also important to note that the response time of the PSRC to H 2 gas leakage was quite rapid Ͻ2 s, offering in situ sensing capabilities in real time. Due to its unique acoustical sensing mechanism and fast response time, we believe that the PSRC sensors may be quite useful for leak detection of many types of gases. Under normal operation, the phase and voltage from the piezoelectric elements of the sensor will be constant; however, if leakage occurs, then both a phase shift and a voltage change will be detectable. In particular, because H 2 has a much lower molecular weight than other gaseous species, the PSRC could find use as a miniature H 2 leak detector-especially prospective are applications where H 2 is used as a fuel under low-pressure conditions. It is also worth noting that the PSRC offers an ease of integration with composite structures ͑e.g., fuel tanks and lines͒, as it is small, robust, lightweight and low power consuming.
In summary, it has been shown that a piezoelectrically driven sound-resonance cavity can be used as a gas leak detector under low-pressure conditions. We have prototyped two PSRC sensors, analyzed their low-pressure and vacuum responses, and determined the operational mechanism of the PSRC. Investigations have demonstrated high sensitivity to minute H 2 gas concentration changes under low-vacuum conditions, within a rapid response time of tϽ2 s.
